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During mitosis, adherent cells round up, by increasing the tension of the contractile actomyosin cortex while 
increasing the internal hydrostatic pressure. In the simple scenario of a liquid cell interior, the surface 
tension is related to the local curvature and the hydrostatic pressure difference by Laplace's law. However, 
verification of this scenario for cells requires accurate measurements of cell shape. Here, we use wedged 
micro-cantilevers to uniaxially confine single cells and determine confinement forces while concurrently 
determining cell shape using confocal microscopy. We fit experimentally measured confined cell shapes to 
shapes obeying Laplace's law with uniform surface tension and find quantitative agreement. Geometrical 
parameters derived from fitting the cell shape, and the measured force were used to calculate hydrostatic 
pressure excess and surface tension of cells. We find that HeLa cells increase their internal hydrostatic 
pressure excess and surface tension from ~ 40 Pa and 0.2 mNm"^ during interphase to ~ 400 Pa and 
1.6 mNm"^ during metaphase. The method introduced provides a means to determine internal pressure 
excess and surface tension of rounded cells accurately and with minimal cellular perturbation, and should be 
applicable to characterize the mechanical properties of various cellular systems. 



At the entry to mitosis most animal cells change shape to become largely spherical. Cells, both in tissue and 
when grown in culture, undergo mitotic cell rounding^"^. By rounding, cells gain a defined geometry and 
sufficient space for a mitotic spindle with proper orientation and correct chromosome segregation^"^. A 
key player in the determination of cell shape is the actomyosin cortex - a thin actin-rich layer underneath the 
plasma membrane^"^\ This cytoplasmic layer consists of a meshwork of polymerized actin and actin-binding 
proteins. Active myosin motors cross-link cortical actin polymers and exert forces that give rise to active 
mechanical stress in the cortical layer^. This cortical stress together with membrane tension leads to an effective 
cell surface tension that promotes a reduction of cell surface area^\ 

At the entry to mitosis, the actin cytoskeleton undergoes a drastic reorganization directed by the mitotic 
CylinB-Cdkl complex^^; F-actin is enriched at the cell periphery and myosin II gets activated, regulated by the 
Cdkl substrate Ect2 and its downstream effector RhoA^^"^^ This actin reorganization is essential for increased cell 
surface tension and cell-rounding in mitosis^^'^^. Measuring the force exerted by confined mitotic HeLa cells, 
Stewart et al inferred that the increasing contractile stress in the cell cortex is balanced by an increasing internal 
hydrostatic pressure^^. This conclusion was based on cells modeled as pressurized liquid sacks bounded by a shell 
in which contractile in-plane tensions are present. The cell boundary is then governed by Laplace's law which 
relates internal pressure excess, tension and curvature (see Supplementary Section 1 online). Stewart et al. 
chemically perturbed different cellular systems including F-actin, microtubules and ion homeostasis and found 
effects consistent with Laplace's law. However, whether the shapes of confined cells obey Laplace's law has not 
been examined and the cell surface tension of the HeLa cells was only coarsely estimated. 

Here, we examine rounded interphase and mitosis HeLa cells uniaxially confined between a wedged micro- 
cantilever and a coverslip^^. Simultaneous confocal imaging of cells with fluorescently labeled cortex allows the 
cell boundary and, thus, the cell shape to be determined while the confinement force is measured. We consider 
cells as a liquid core surrounded by a thin cortical shell (~ 200 nm in thickness^^) that is under mechanical 
tension^ Cell shapes are then calculated using Laplace's law^^'^^ and fit to measured cell shapes. The thereby 
obtained accurate geometrical parameters of cell shape are used to calculate the internal hydrostatic pressure 
excess and the surface tension of the cell from the confinement force exerted by the micro -cantilever on the cell. 
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We measure pressure excess and surface tensions of cells undergoing 
mitosis and compare these values with those obtained for non-adher- 
ent interphase cells. 

Results 

Shapes of confined cells. We performed a parallel plate confinement 
assay on HeLa cells using a combined confocal microscopy and AFM 
setup (Fig. 1). Measured cells were either in mitosis or not adherent 
and, therefore, largely spherical prior to confinement with the 
cantilever. Cells either expressed two fluorescent actomyosin 
cortex labels (hMYH9-LAP and Lifeact-mCherry) or mCherry- 
CAAX which predominantly locates to the plasma membrane. To 
find the shape of confined cells confocal z- stacks were recorded and 
analyzed. In each image of a stack, the cell borderline was determined 
as described in the Supplementary Section 6 online. 48 discrete 
equidistant points represent the cell border in each image (Fig. 2a). 
The points of all z- stack images recorded within the cell were 
combined and represent the three-dimensional surface of the cell. 
The closest theoretical shape, parameterized by its center point and 
two cross-sectional radii (r^/„ and rmax)y was determined by a fit. 
Geometric parameters obtained by fitting the surface points of seven 
metaphase cells are summarized in Supplementary Table SI online. 
An analogous analysis for interphase cells is shown in Supplemen- 
tary Table S2 online. The average distance < d> between measured 
surface points and the fit surface is smaller than 300 nm for all fits, 
demonstrating the good agreement between the measured cell shape 
and the cell shape predicted by the model (Fig. 2b). 

Uncertainty of cell geometry determination. Fitting cell shapes 
allows us to accurately determine geometrical parameters of the 
shape such as surface curvature and contact areas with the plates. 
To assess the temporal variability of cell shape and cell mechanics, 
and to estimate the uncertainty of our fits, the change of cell shape 
was examined over time. For this purpose, an mCherry-CAAX 
expressing HeLa cell was arrested in mitosis by the addition of S- 
trityl-l-cysteine (STC) to the media^^. STC prevents mitotic cells 
from entering anaphase for extended time periods by inhibiting 



Eg5, a mitotic spindle kinesin. We confined the cells for 80 
minutes and observed that the force exerted on the cantilever 
remained within a 30% range of the mean (Fig. 3a). Confocal z- 
stacks were recorded at five-minute intervals and cell shape 
parameters were determined from each z- stack. The hydrostatic 
pressure excess was calculated using the force at the time the stack 
was recorded (Fig. 3a). Geometrical parameters of the cell shape are 
plotted as a function of time in Fig. 3b. While the horizontal radius of 
the cell remained largely constant, estimated height hfit and minimal 
radius r^f„ varied. Since the cantilever maintained the height of the 
cell and assuming the shape of the cell was constant, the variations in 
geometrical parameters represent the uncertainty of the measure- 
ments. The standard deviation of the measured minimal radius 
Tmin is 140 nm, which corresponds to 2.6%. Measurements of the 
equatorial radius r^ax are more accurate with a standard deviation of 
only 1%. Using error propagation, the uncertainty in the minimal 
cross -sectional radius suggests a relative error of the pressure of 

2 — ^ —5%. This compares to a relative standard deviation of the 

measured force (and therefore of the actual pressure excess if the cell 
shape remains unchanged) of ~ 12% in the time interval of 
observation. 

Cell surface tension is independent of the degree of uniaxial cell 
confinement. We examined STC arrested cells (n = 5) confined to 
several heights (>4, between 10 and 40% reduction of unconfined 
cell height) and calculated pressure excess and surface tension (see 
Supplementary Fig. S4 online). At limited confinement (< 20%), 
radii of the cell-plate contacts are small. Therefore, the relative 
error of the contact area becomes large, which impUes a large error 
in pressure and tension values. We did not allow the reduction of cell 
height to exceed 50% because the cells usually extrude large blebs 
(> 5 ^m long) if their height is reduced further. We find that the cell 
surface tension stayed largely constant within ±10% independent of 
the degree of confinement. The averaged (normalized) hydrostatic 
pressure excess increased slightly with the degree of cell confinement. 
This rise is expected due to the increase in the mean curvature of the 



a b 




Figure 1 | Parallel plate confinement of rounded HeLa cell, (a) Sketch of the theoretically predicted cell surface (green) . Shown are the dimensions of the 
minimal cross-sectional radius ( rmin)y the equatorial radius ( r^^J and the height ( hfit). This shape is the fit theoretical shape associated to the cell depicted 
in B. (b) 2-D renderings of a confocal z-stack taken from a confined hMYH9-LAP expressing HeLa cell in metaphase. Overlaid in green is the fit theoretical 
shape. The rendered cell shape seems to deviate from the fit theoretical shape at the top and the bottom. This effect can be accounted for by the 
combination of limited z-resolution and the cell surface being almost parallel to the image plane. The z-interval was 0.5 fim and the pixel size was 76 nm. 
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Figure 2 | Applying the cortical shell-liquid core model to a confined cell, (a) Confocal images of the cell shown in Fig. 1. The two images are Lifeact- 
mCherry (red) and hMYH9-LAP (green) channels of the same cell and z-plane near mid height. Red and green points denote the shape of the cell 
boundary as determined by cell edge detection. Scale bars, 10 fim. Fluorescence intensities of cell boundary, cytoplasm and background relate typically as 
300/60/6. (b) Comparison of measured cell shape and fit theoretical shape. Solid red and green lines represent the vertical cross section of the rotationally 
symmetric profile of the fit shape. Data points show mean and standard deviation of surface points representing the measured cell shape in one z-plane 
(red: Lifeact-mCherry, green: hMYH9-LAP). 



cell surface at lower cell heights, as pressure excess is the product of 
tension and twice the mean curvature (Eq. 1). We conclude that the 
degree of confinement of a cell within the range used in our 
experiments does not crucially affect the cell's surface tension in 
mitosis. 

Surface tension and cell shape. Provided the contact angle of the cell 
is zero, analogous to the case of a perfectly dewetting droplet, and 
anticipating that cell volume is constant, our model implies that the 
shape of a cell confined between parallel plates is independent of 
surface tension and pressure excess as long as they are high 
enough to dominate over effects of adhesion and gravity. Con- 
versely, the confinement force depends on surface tension and 
pressure excess. To test if this applies to confined HeLa cells, we 
used the myosin II inhibitor blebbistatin^^, which is photo- 
inactivatable^^. HeLa cells in metaphase were confined in the 
presence of blebbistatin and a confocal z- stack was recorded. In 
this state, surface tension of cells was significantly smaller than 
average metaphase values but still > 0.4 mNm"\ Thereafter, the 
blebbistatin in the cell was deactivated by wide-field blue light 
excitation and a second z- stack was acquired. Fig. 4a renders the 
process. Upon photo-inactivation, the force exerted by the cell on 
the cantilever increased as myosin II was no longer inhibited. As 
active blebbistatin re-entered the cell from the medium, and again 
inhibited myosin II, the exerted force returned to the lower starting 
value. Comparing measured cell parameters, we find that cortex 
tension and pressure excess increase substantially due to photo- 
inactivation of blebbistatin, whereas the parameters describing the 
cell shape do not change significantly (Fig. 4b, Table 1). Since myosin 



II increases the contractility of polymerized actin meshwork^^, this 
data supports the applicability of the cortical shell-liquid core model 
and that myosin II actively maintains the high tension of the 
cortex^^'^^. Furthermore, the fact that cell shape parameters depend 
weakly on surface tension indicates that contact angles are small or 
vanishing. 

Hydrostatic pressure excess and tension increase during mitosis. 

Having confirmed our model of cell shape, we determined how the 
hydrostatic pressure excess and surface tension of the cell change 
while the cell undergoes mitosis. As HeLa cells are normally spread 
on a substrate and not spherical in prophase at the beginning of 
mitosis, we de-adhered cells using trypsin (Methods). Non- 
adherent cells are spherical, because this is the shape with minimal 
surface favored by surface tension. We applied parallel plate 
confinement at constant height to cells in prophase or early prome- 
taphase as judged by chromosome condensation. As cells proceeded 
through mitosis, the AFM force was recorded continuously while 
confocal z-stacks were recorded at five-minute intervals (Fig. 5a). 
Shape parameters were determined by a fit. Together with the 
force data, they were used to calculate cortex tension and pressure 
excess throughout mitosis until anaphase when cleavage furrow 
ingression has distorted the shape of the cell. While early mitotic 
cells had low surface tension and pressure excess, both quantities 
exhibited a small, sharp peak (< 5 minutes) at nuclear envelope 
breakdown (Fig. 5b). After this peak, both tension and pressure 
excess increased further during prometa-and into metaphase 
reaching on average values of 1.6 mN m"^ and 400 Pa in 
metaphase (Fig. 5c and d). Assuming a cortical thickness of ~ 
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Figure 3 | Reproducibility and uncertainty of experimental results, (a) Force (small blue dotes) and hydrostatic pressure difference (red dots) of an 
mCherry-CAAX expressing HeLa cell arrested in mitosis over time. The inset shows the associated surface tension, (b) Physical dimensions, r^axy ^min 
hfit as determined by a fit of theoretical cell shapes and the cell height as measured by the AFM, /zapm> at the given times. 
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Figure 4 | Tension dependence of cell shape in metaphase. (a) Confinement force (red) recorded over time wliile a parallel plate confinement assay was 
performed on a HeLa cell in the presence of 10 //M blebbistatin. The blue region indicates when the cell was illuminated with blue light to photo-inactivate 
blebbistatin. Spikes in the force trace at 3 and 8 minutes indicate the recording of mCherry confocal z-stacks. The confinement height (black) is plotted 
below, (b) Normalized photo-inactivation induced changes in the properties of blebbistatin treated HeLa cells in metaphase {n = 13). Crosses indicate 
experimental measurements whereas circles indicate relative changes predicted by theory for the case of finite contact angle (black circle: ^ = 45° ^ 3 1 .4°, 
red circle: (p = 10° ^ 7.06°). Black bars indicate the mean of experimental data points. Changes in contact angle due to tension rise were calculated 
according to Eq. 2. Surface tension y was anticipated to rise from 0.6 to 1.2mNm"^ with a cell volume of 4800 fim^ and a cantilever height hAFMoi 12 jim. 



200 nm^^, this surfaces tension implies cortical stresses of ~ 8 kPa in 
metaphase. In anaphase, an isolated cell becomes non-spherical 
suggesting non-uniform cortical tension and thus our model can 
no longer be used. A decrease in the quality of the fit is observed at 
this time (Fig. 5e). Although the pressure excess increased more than 
threefold during mitosis the volume of the cell, in agreement with^^, 
remained largely constant within the uncertainties of our measure- 
ment 10%, Fig. 5f). 

To compare pressure excess and tension values of mitotic cells to 
those of interphase cells, we performed measurements on un-syn- 
chronized trypsin-rounded cells. The cell cycle state of each cell was 
judged based on H2B-eGFP morphology. We found average hydro- 
static pressure differences of 40 ± 30 and 320 ± 120 Pa and surface 
tensions of 0.17 ± 0.13 and 1.3 ± 0.5 mN m"^ for interphase (n = 8) 
and mitotic (n = 8) cells, respectively (Fig. 6). 

Pressure and tension measurements using single z-plane imaging. 

If the contact angle of the cell with the confining plates is zero, the cell 
shape is entirely determined by the cell's height and its radius at the 
equator. These two parameters can be determined using cantilever 
height and a single fluorescence or DIG micrograph of the equatorial 
plane of the cell. Since our estimation of contact angles indicates 
small values < 10° the assumption of zero contact angles can be 
regarded as an acceptable approximation. The use of single plane 
imaging results in qualitatively similar results but with increased 
uncertainties (< 10% error, see Supplementary Table S2 online). 
This simplified method circumvents photo -damage of the cell and 
extensive experimental and analytical effort. 

Discussion 

We introduce a method to measure the surface tension and hydrostatic 
pressure excess of non- adherent HeLa cells, using AFM-based parallel 
plate confinement. The method relies on the cortical shell-liquid core 



Table 1 | Relative changes of geometrical and mechanical cell 
parameters due to photo-inactivation of blebbistatin. H denotes 
the mean curvature of the fit cell shape. Errors are the (relative) 
standard error of the mean (N= 1 3) 

Fafm AP y r^ax ^fiv H 

52 ± 12% 63 ± 16% 66 ±18% -1 ± 0.3% 2 ± 2% -1 ± 1% 



model that stipulates a uniform hydrostatic pressure inside the cell and 
homogeneous cell surface tension. The model specifies the rotationally 
symmetric shape and the mechanics of non-adherent cells confined 
between parallel plates (Fig. 1 and 2). 

Parallel plate assays are an established method to probe mech- 
anical properties of cells^^'^^"^^ Measurements of cell surface tension, 
typically using micromanipulators, were performed on large cells 
(> 50 ^m in diameter) such as sea urchin eggs^^'^^ and plant cells^°. 
Use of AFM permits parallel plate confinement of cultured animal 
cells (often < 20 ^m in diameter) 

We performed confocal imaging to locate the surface of confined 
cells using three different fluorescent constructs (mCherry-CAAX, 
Lifeact-mCherry, hMYH9-LAP). In general, we find good agreement 
between fit cell shapes and measured cell surface points (see 
Supplementary Table SI and S2 online). This is demonstrated by 
deviations of less than 300 nm between measured and theoretical 
cell shape for metaphase and interphase cells imaged with z-intervals 
of Az = 0.5 ^m. Analysis of confocal z-stacks did not show qualitat- 
ive differences between the different fiuorophores. In fact, cells that 
co-expressed Lifeact-mCherry and hMYH9-LAP were imaged in two 
fiuorescence channels simultaneously and the obtained cell geomet- 
ries coincide within the error of the measurements (see Supplemen- 
tary Table SI online). 

If we compare the height of the fit theoretical shape with the actual 
height of a cell, which is set by the AFM cantilever, we find good 
agreement. On average, the height of the fit shape exceeds the actual 
cell height by ~ 5% in metaphase and ~ 4% in interphase, which 
corresponds to 400-600 nm. This discrepancy could originate from 
the presence of small but non -vanishing contact angles (see 
Supplementary Fig. S2 online) or from experimental uncertainties. 
The observed height differences are smaller than the typical error of 
the fit height (~ 1 ^m, see Supplementary Section 2 online). To 
further test for the influence of cell adhesion, we examined the extent 
to which cells can exert downward forces on the cantilever. Theory 
predicts that in the case of non-vanishing adhesion, a cell would pull 
the cantilever downward when the distance between the parallel 
plates is slightly smaller or greater than the height of the round cell 
(see Supplementary Fig. S3 online). The expected downward force 
increases with cell surface tension and contact angle. To probe this 
experimentally, we first squeezed mitotic cells and then slowly lifted 
the cantilever until it lost contact with the cell. We find that the cells 
exert little or no downward forces {Fafm ^ — 1 nN) on the cantilever 
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Figure 5 | Cell properties during mitosis, (a) Confinement force (red) recorded over time from a parallel plate confinement assay performed while a pre- 
rounded HeLa cell completed mitosis. Spikes in the force trace at 5-minute intervals indicate the recording of confocal z-stacks. The confinement height 
(black) is plotted below, (b-f) HeLa cells (n = 8) measured during the course of mitosis. Plots from different cells were aligned in a relative time scale such 
that time zero coincides with the moment of nuclear envelope breakdown and time 1 with the start of chromosome separation in anaphase, (b) 
Hydrostatic pressure difference over relative time during mitosis, (c) Mean pressure of cells. The blue shaded region represents the standard deviation, (d) 
Mean surface tension, (e) Mean squared fitting error for the confocal z-stacks over relative time. The orange shaded region represents the standard error of 
the mean, (f) Mean volume of the mitotic cells over relative time. 



(see Supplementary Fig. S3a online). Comparing the measured forces 
to theoretical predictions, we conclude that the contact angle of a 
metaphase cell is < 10°. 

A direct consequence of weak adhesion and the negligible contact 
angle at the plates is, that the cell shape is independent of the actual 



value of cell surface tension as long as surface tension suffices to 
dominate over other cell shaping effects such as adhesion, gravity 
and internal cytoskeletal structures (Eq. 2). This prediction of theory 
was confirmed by measurements of blebbistatin treated cells in meta- 
phase. Blebbistatin inhibits myosin II and, thus, reduces the contract- 
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Figure 6 | Comparison of hydrostatic pressure difference and surface tension of interphase versus metaphase cells. Plotted are the hydrostatic 
pressure excess (a) and surface tension (b) of non-adherent interphase and mCherry-CAAX expressing HeLa cells in metaphase (n = 8) confined to a 
height of ~ 12 fim between an AFM cantilever and a PDMS surface. Pressure excess and tension were calculated using confocal stacks with a z-interval of 
0.5 fim. Cell phase was determined using H2B-eGFP confocal images. 



SCIENTIFIC REPORT: | 4 : 62 1 3 | DOI: 1 0. 1 038/srep062 1 3 



5 



ility of the actomyosin cortex and the surface tension of the cell. Blue 
light inactivates blebbistatin and transiently increases the surface 
tension of blebbistatin treated cells. As predicted by theory, the shape 
of cells did not change within the uncertainties of our measurement 
upon photo-inactivation of blebbistatin (Fig. 4). 

We find that both surface tension and hydrostatic pressure change 
during the cell cycle of HeLa cells. Interphase cells had a consis- 
tently lower hydrostatic pressure excess and surface tension 
(AP = 40±30Pa and y = 0.17±0.13mNm"\ n = Fig. 6). 
During mitosis, pressure excess and tension increased, assuming 
peak values of 400 ± 120 Pa and 1.6 ± 0.5 mN m"^ during meta- 
phase (Fig. 5 and 6). Therefore, HeLa cells enhance their internal 
pressure excess and surface tension by one order of magnitude when 
they enter mitosis. Thereby, cells contribute to achieving a spherical 
cell shape that allows unperturbed assembly of the mitotic spindle. In 
fact, if we incubate adhered cells with blebbistatin on uncoated glass 
bottom dishes, we often observe that cells do not round up entirely 
until metaphase in contrast to untreated cells (see Supplementary 
Fig. S7 online). Cell surface tension in mitosis appears to be mainly 
generated by the actomyosin cortex because surface tension can be 
reduced to values < 10% of that of untreated cells by inhibition of 
myosin II together with actin-depolymerizing drugs such as latran- 
culin A or cytochalasin D. We estimate that the contribution of 
membrane tension of mitotic Hela cells to overall cell surface tension 
is < 0.2 mN m"\ which is in accordance with previous measure- 
ments of cell membrane tension^^. Therefore, we conclude that the 
change in surface tension is mainly generated by changes in the 
cortical properties of the cell at the onset of mitosis^^. This includes 
the activation of myosin IP^. 

The surface tension of cells can also be measured using other 
methods, such as micropipette aspiration^^'^^. The surface tensions 
that we measure for HeLa cells in interphase are on the same order of 
magnitude as surface tensions of fibroblasts measured by micropip- 
ette aspiration^. A study of mitotic HeLa cells using micropipette 
aspiration is unknown to us. We speculate that micropipette suction 
may interfere with mitotic progression due to deformation of the 
mitotic spindle and could trigger mechanosensitive responses^'^^. 
HeLa cells confined in our assay complete mitosis in the same time 
as unconfined cells unless confined to less than 40% of their uncon- 
fined height. An estimate of surface tension in mitotic HeLa cells, that 
is in agreement with our work, was obtained by Charras et at. from 
studies of the volume of blebs. Their estimate is 0.13-0.9 mN m"^ 

How do surface tension and pressure relate to each other? As the 
cell up-regulates its surface tension in mitosis, the internal hydro- 
static pressure rises immediately according to the Laplace law. A 
simple physical argument can explain why the osmotic pressure 
inside the cell adjusts in response to the tension increase. At steady 
state, the hydrostatic pressure difference across the cell boundary is 
balanced by the difference of osmotic pressures across the cell 
boundary. This follows from the equality of chemical potentials of 
water inside and outside of the celP^. Because of the hydrostatic 
pressure increase, the chemical potential of water in the cell exceeds 
the chemical potential in the medium. Therefore, water flows out of 
the cell increasing the osmolyte concentration in the cytoplasm and, 
thereby, the osmotic pressure. Water outflux continues until the 
osmotic pressure difference equals the raised hydrostatic excess dif- 
ference in the cell. In this way, the osmolarity of the cell can be 
increased by water outflux that does not involve the action of ion 
channels or pumps. However, active ion pumps are needed to main- 
tain the osmolarity gradient across the cell membrane, otherwise, 
cells cannot reach a steady volume at non-vanishing surface tension. 

The duration of water fluxes after a surface tension change can be 
estimated to lie between 1-5 min, assuming water permeabilities of 
our cells between 0.001 and 0.005 cm s"^ Active cell volume regu- 
lation operates on slightly slower time scales^\ Contrary to Boucrot 
et al^^, we did not observe a substantial change in the cell volume 



during mitosis, which is in agreement with earlier findings While 
mitotic volume changes clearly need to be more thoroughly studied 
to resolve this issue, our use and verification of cortical- shell liquid- 
core model does not depend on the cell volume remaining constant 
during mitosis. 

Using n = RTc, where IT denotes osmotic pressure and c osmo- 
larity, we find that the osmolarity difference Ac between the cyto- 
plasm of an interphase cell and the medium is ~ 0.016 mOsm in 
steady state. For mitotic cells, we obtain Ac ~ 0.13 mOsm. These 
osmolarity differences are small compared to the absolute osmolarity 
of the medium (~ 300 mOsm). 

It is tempting to speculate on the cause of the peak in hydrostatic 
pressure excess and surface tension during nuclear envelope break- 
down (Fig. 5). Osmolytes within the nucleus might be released into 
the cytosol increasing its osmolarity giving rise to a slight osmotic 
swelling of the cell. The accompanying cortical stretching could give 
rise to a temporary elastic increase of the surface tension. Over time, 
this tension increase relaxes due to the turnover of actin and/or actin 
cross linkers^. An alternative hypothesis is that factors, such as Cdkl 
and Ect2^^'^^, are released during nuclear envelope breakdown, which 
cause the cortex to transiently contract and, thereby, temporarily the 
pressure excess to increase. 

Our results show that a simple cortical shell-liquid core model of 
the cell describes the shape of non-adherent stationary HeLa cells. It 
can be used to quantify physical properties such as hydrostatic pres- 
sure excess and surface tension. We expect that this method can be 
applied to other cell types and yield insight into fundamental cell 
biological processes, such as osmoregulation and cortex dynamics. 

Methods 

Force balances that determine cell shape. Consider a cell that is confined between 
two parallel plates. The coarse-grained cell shape is defined by a surface that we refer 
to as cell surface. It consists of a curved part in contact with the medium and two at 
areas in contact with the confining plates (Fig. la). The cell is bound by a thin cortical 
shell, which consists of a meshwork of polymerized cross-linked actin and the 
attached cell membrane. Myosin motors bind to cortical actin polymers and exert 
forces that give rise to active mechanical stresses leading to an effective cell surface 
tension y'^-^^. The cell interior, which we regard as a liquid, is characterized by an 
internal hydrostatic pressure. If the bending energy of the shell is negligible, the force 
balance at the cell surface in contact with the medium is described by the Laplace 
equation^^'*'' (see Supplementary Section 1 online) 

AP = 2yH. (1) 

Here, AP is the hydrostatic pressure difference between cell interior and medium, and 
H is the mean curvature at a point on the cell surface. 

Attractive interactions between the cell surface and the confining plates can be 
characterized by an energy per unit area W. The contact angle (p of the cell surface with 
the confining plates is determined by the force balance at the contact line. According 
to the Young-Dupre equation, the contact angle fulfills the relation'^**^ 

cos(rt=(l-y)- (2) 

In the following, we consider only cells that were either de-adhered or in mitosis. We 
observe that such cells are to a large extent rotationally symmetric in the confinement 
assay. Rotationally symmetric shapes, as predicted by the theory, can be calculated for 
a given cell volume using Eqs. 1 and 2 (Supplementary Section 1 online). These 
theoretically predicted shapes are surfaces of revolution generated by a curve r(z), 
where r(z) is the shape's cross-sectional radius along the z-axis. The associated tan- 
gential angle is denoted as 6{z) with tan(0(z)) = —dzldr (see Supplementary Fig. S2 
online). In the chosen coordinate system, the cross-sectional radius r(z) reaches its 
summit at z = 0, giving 0(0) = nil. We refer to the x-y cross-section at z = 0 as the 
shape's equator. 

In our cell confinement assay, cells are confined between the bottom of the cell 
culture dish and an AFM cantilever supplemented with a solid wedge (Fig.la)^*^. We 
refer to the lowermost layer of the wedge as the top confining plate. In order to relate 
the cell shape to the force exerted by the cantilever Fafm^ consider the force balance 
condition at the interface of the cell with the top confining plate. The cantilever force 
is balanced by the force due to the hydrostatic pressure excess inside the cell and the z- 
component of the force associated with the cell surface tension'*'^, i. e. 

Fafm = ^Pnrl - ylnvc sin(^) . (3) 

Here, is the radius of the contact area of the cell with the confining plate. This 
argument can be generalized. To any x-y cross section through the cell, we can 
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associate a vertical force resulting from the integrated hydrostatic pressure excess and 
from the surface tension 



F{z) = APnr{zf - y2nr{z)sm{e{z) ) . 

Force balance requires that this force is independent of z and, therefore, Fj>^pM '- 
For the particular case of z = 0, the x-y extension of the shape is maximal and 9 
(see Supplementary Fig. S2 online). Therefore, we have 



= AP7rrl 



(4) 

F{z). 
= nil 



(5) 



where Ymax is the cross-sectional radius at z = 0. If the contact angle (p is non-zero, it is 
possible to extend the mathematical surface describing the cell shape beyond the 
confining plates until a cross section with tangential angle 9{z) = 0 is reached using 
the Laplace law (see Supplementary Fig. S2b online). The radius r^,„ of the outermost 
cross section of this extended shape thus fulfills the relation 



= APnri, 



(6) 



The height of this extended shape is denoted as hfu. If the contact angle (p is zero, then 
the contact radius of the calculated cell shape equals r^,„ and the cell height Hafm 
equals hfu. For finite contact angle, the contact radius of the calculated shape > r^f„ 
and Hafm < hfu. 

Calculating cell surface tension and cell pressure excess from experimental data. The 

fit theoretical shape is parameterized by its two cross- sectional radii r^f„ and r^ax- Using 
r^nin as determined from the cell shape and Fj^pM, we calculate the pressure excess as 



AP = 



Similarly, the surface tension is obtained as 



2nrm 



(7) 



(8) 



This relation follows from Eqs. 1, 5 and 6. 

Cell culture. Two HeLa-Kyoto cell lines expressing either histone H2B-eGFP (H2B- 
eGFP) and mCherry-CAAX^' or Lifeact-mCherry and hMYH9-LAP were 
maintained in DMEM supplemented with 10% fetal bovine serum, 2 mM Gluta- 
MAX, 100 )ig ml~^ penicillin, 100 |ag ml~^ streptomycin, 0.5 |ig ml~^ puromycin and 
0.5 mg ml"^ geneticin (all Invitrogen) at 37°C with 5% CO2. For experiments the 
media was changed to DMEM with 4 mM Na2C03 buffered with 20 mM HEPES/ 
NaOH pH 7.2. Where noted, blebbistatin(-) (Chemie GmbH) or S-trityl-l-cysteine 
(STC, Sigma) dissolved in DMSO were added to concentrations of 10 or 2 |iM, 
respectively, before the experiment. 

Instrumentation. The experimental set-up consisted of an AFM (Cellhesion 200, JPK 
Instruments) mounted on an inverted confocal microscope (Observer.Zl, LSM 700, 
Zeiss). A 63x/1.3 LCI Plan-Neofluar water immersion objective (Zeiss) was used. The 
cells were maintained at 37°C using a Petri dish heater (JPK Instruments). 350 m 
long, nominal 150 mN m~^ cantilevers (NSC12/tipless/noAl, Mikromasch) were 
modified with epoxy (ET302, Epoxy Technology) wedges to correct tilting and thus 
allow axisymmetric confinement^**. Unless otherwise noted, images in confocal z- 
stacks were recorded 0.5 fim apart with pixed size of 76 X 76 nm^. 

Parallel plate confinement assay. For parallel plate confinement assays, cells were 
kept in CO2 independent media at 37°C on glass bottom Petri dishes (FD35, WPI). 
First, a cell at the desired stage of its cell cycle was identified by its shape and/or H2B- 
eGFP. Then, the AFM cantilever was lowered to the dish near the cell until it came 
into contact with the surface. The cantilever was raised (usually 25 /im), positioned 
above the cell and lowered at 1 fim s"^ to confine the cell to a predetermined height. 
The height of the cantilever was maintained at this height for the duration of the 
experiments and while fluorescent images were recorded. The force acting on the 
cantilever was continuously recorded. The height of the confined cell can be 
computed as the difference between the height that the cantilever was raised from the 
dish surface and lowered onto the cell plus the height of spikes at the rim of the wedge 
(due to imperfections in the manufacturing process^**) and the force induced 
deflection of the cantilever tip. Moving the cantilever from the x-y position where the 
approach on the dish surface was made to the position above the cell introduced 
height shifts of up to ~ 0.3 fim. 

Transmitosis assay. For transmitosis assays H2B-eGFP and mCherry-CAAX 
expressing HeLa cell grown in tissue culture flasks were detached by the addition of 
IX 0.05% trypsin-EDTA (Invitrogen). The trypsin was deactivated by the addition of 
a tenfold volume of DMEM with 4 mM Na2C03 and 10% fetal bovine serum buffered 
with 20 mM HEPES/NaOH pH 7.2. The cells were then added to a PDMS (Sylgard 
148, Dow Corning) coated glass bottom Petri dish. The PDMS coating prevented cells 
from adhering to the dish. In the microscope, prophase cells were identified based on 
H2B-eGFP images and confined to a height of about —12 /im. Confocal stacks 
(1.5 fim z-interval) of mCherry-CAAX were recorded at 5 minute intervals until the 
cell completed mitosis. 
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